Background: There are no blood-based molecular biomarkers of temporal lobe epilepsy (TLE) to support clinical diagnosis. MicroRNAs are short noncoding RNAs with strong biomarker potential due to their cell-specific expression, mechanistic links to brain excitability, and stable detection in biofluids. Altered levels of circulating microRNAs have been reported in human epilepsy, but most studies collected samples from one clinical site, used a single profiling platform or conducted minimal validation. Method: Using a case-control design, we collected plasma samples from video-electroencephalogram-monitored adult TLE patients at epilepsy specialist centers in two countries, performed genome-wide PCR-based and RNA sequencing during the discovery phase and validated findings in a large (N250) cohort of samples that included patients with psychogenic non-epileptic seizures (PNES). Findings: After profiling and validation, we identified miR-27a-3p, miR-328-3p and miR-654-3p with biomarker potential. Plasma levels of these microRNAs were also changed in a mouse model of TLE but were not different to healthy controls in PNES patients. We determined copy number of the three microRNAs in plasma and demonstrate their rapid detection using an electrochemical RNA microfluidic disk as a prototype point-of-care device. Analysis of the microRNAs within the exosome-enriched fraction provided high diagnostic accuracy while Argonaute-bound miR-328-3p selectively increased in patient samples after seizures. In situ hybridization localized miR-27a-3p and miR-328-3p within neurons in human brain and bioinformatics predicted targets linked to growth factor signaling and apoptosis. Interpretation: This study demonstrates the biomarker potential of circulating microRNAs for epilepsy diagnosis and mechanistic links to underlying pathomechanisms.
Introduction
Temporal lobe epilepsy (TLE) is the most common focal and intractable seizure disorder in adults. A correct diagnosis is critical and will inform the choice of therapy among other factors, but relies mainly on clinical examination and history [1] . Electroencephalography (EEG) has only limited diagnostic yield unless performed within specialist epilepsy monitoring units (EMUs) where continuous video-EEG recording is available [2, 3] . Brain imaging is negative in many patients with epilepsy [4] . Together, these factors contribute to mis-or delayed diagnosis, adversely affecting patients and negatively impacting healthcare resources [5] . Psychogenic non-epileptic seizures (PNES) are particularly challenging to diagnose outside the EMU [6] . Accordingly, there is much interest in identifying molecular biomarkers which could provide a rapid, cheap and noninvasive support for epilepsy diagnosis [3, 7] .
Various circulating molecules have been investigated as epilepsy biomarkers, including proteins such as neuron-specific enolase, S100β and inflammatory cytokines, but most suffer from lack of sufficient specificity or technical challenges with simple and rapid detection in a clinical setting [2, 3, 8] . MicroRNAs (miRNAs) are an emerging class of potential biomarker for brain diseases [9] . They are short noncoding RNAs that function post-transcriptionally via sequence-specific binding to mRNAs mediated by Argonaute-2 (AGO2) and other components to reduce protein levels in cells. miRNAs have numerous qualities as biomarkers: several are expressed uniquely within the brain [10] and display cell-specific expression in neurons or glia [11] . miRNAs are quite stable in biofluids and well-suited to rapid and reliable detection at ultra-low levels using PCR and other techniques [9, 12, 13] .
A number of miRNAs have been reported to be dysregulated in brain tissue from patients with epilepsy and experimental manipulation of specific miRNAs has been shown to alter seizure thresholds in animals [13] [14] [15] . Seizures and the underlying pathophysiology may lead to the release of miRNA from neurons, glia or cells of the cerebrovasculature via passive or active mechanisms whereupon they can be detected in the circulation [9] . Indeed, profiling and single miRNA analyses show levels of a number of miRNAs are altered in serum, plasma and cerebrospinal fluid in patients with epilepsy [16] [17] [18] [19] [20] [21] . These studies, however, typically analyzed samples from a single clinical site and used only one miRNA profiling technique, which can be limiting due to platform-specific technical bias [12, 22, 23] . The depth and quality of clinical phenotyping in discovery cohorts is often uncertain, confounders such as medication are rarely addressed and there has been an over-reliance on in silico target prediction programs to mechanistically link the miRNA with epileptogenesis [24] .
In the present study we aimed to address some of these previous limitations to identify miRNA biomarkers of TLE in adults. Plasma samples were collected from patients before and after seizures during EMU monitoring in epilepsy specialist clinics in two different European countries. We used a dual-platform miRNA profiling approach to reduce technical bias and ensure genome-wide coverage [22, 23, 25] . Multilevel validation of biomarker potential was performed in a large cohort that included samples from PNES patients and other epilepsies. We tested miRNA levels in plasma from rodents with experimentallyinduced epilepsy and developed a prototype sample-to-answer electrochemical miRNA detection device. Last, mechanistic links were pursued for differentially expressed miRNAs, focusing on transport within plasma and evidence of expression in human brain tissue.
Materials and methods

Ethical approval (human studies)
This study represents an extensive collaboration between several clinical and research centers across Europe: Philipps University of Marburg, Germany (MAR); Department of Neurology, Beaumont Hospital, Dublin, Ireland (DUB); Friedrich-Alexander-University ErlangenNurnberg (ERL), Germany. Ethical approval was obtained from the local medical ethics committees at each center (MAR, 17/14; DUB 13/ 75; ERL 127_14Bc). Following a detailed discussion of the study, patients and healthy controls were given a written information leaflet further describing the study design and rationale. Consent was obtained according to the Declaration of Helsinki from all participants. Participation rates were not recorded.
Patients and healthy controls
For the profiling phase, 32 adult patients attending the EMU at the Epilepsy Center Hessen/Department of Neurology/Marburg (MAR group, n = 16) and Beaumont Hospital/Dublin (DUB group, n = 16) were recruited. All patients had refractory focal epilepsy (majority with refractory TLE) prior to admission and were on poly-drug therapy. The reasons for admission were mainly to confirm the diagnosis, assess pharmacoresistance and suitability of the patient for surgical resection. Continuous video-EEG monitoring was performed for each patient using a standard international system electrode placement. Continuous computerized seizure detection was performed throughout the recording period. The entire recording from the monitoring session was manually reviewed by a neurologist with special training in epilepsy. From
Research in context
Evidence before this study There has been long-standing interest in finding molecules in the blood that can support diagnosis of brain diseases, including epilepsy. One of the most promising classes of molecule is small noncoding RNAs called microRNAs. We searched Pubmed and Google scholar on September 1st 2013 using the terms "microRNA", "human", "blood" and "epilepsy". There were no relevant human studies (quality of evidence does not apply) although we did find reports of microRNA changes in blood samples from animal models of epilepsy. Since commencing our research, there have been studies reporting altered blood microRNA levels in epilepsy patients.
Added value of our study
This is the first study to use two different genome-wide screening platforms and patients from two different countries to search for circulating microRNA biomarkers of epilepsy. We found a number of microRNAs that were different in blood samples from epilepsy patients and validated these findings using samples from a larger cohort of epilepsy patients and patients with a condition that can often be mistaken for epilepsy (psychogenic non-epileptic seizures). We supported these findings by testing for the microRNAs in blood samples from an animal model. We show that the diagnostic accuracy of circulating microRNAs is increased if you extract the molecules from exosomes. We also describe a prototype microRNA test device that could be developed for use in a clinical setting.
Implications of all the available evidence
Our study, along with research by other groups, indicates detection of microRNAs in biofluids such as blood can help support a diagnosis of a brain condition. Our study provides encouraging support for microRNAs as potential diagnostic biomarkers of epilepsy.
each patient, a baseline blood sample (epilepsy baseline sample, EBS) was taken on admission. An epilepsy after-seizure sample (EAS) was then collected 24 h after experiencing an electro-clinical seizure. This time-point was selected to ensure we captured any potentially protracted release mechanisms contributing to miRNA entry to the circulation while avoiding early sampling where clinical factors (motor components, use of rescue medication) may introduce bias [19] . In addition, 32 non-fasting male and female healthy control (C) volunteers (MAR, n = 16; DUB, n = 16) were recruited from the same sites.
For the validation phase, the level of the dysregulated miRNAs was checked in an extended cohort of patients and controls collected from both MAR and DUB in addition to samples collected from the Friedrich-Alexander-University Erlangen-Nurnberg. The validation phase included 102 TLE patients (29 with both EBS and EAS samples) and 110 controls. Also, samples from patients with frontal lobe epilepsy (FLE, n = 10), genetic (idiopathic) generalized epilepsy (GGE, n = 23), patients who experienced status epilepticus (SE, n = 6) and from patients with psychogenic non-epileptic seizures (PNES, n = 15) were included. Full details of all control group and patient demographics, diagnosis, drug therapy and the origin of each sample are included in Supplementary Table S1 .
Plasma collection, processing and quality control
Protocols for plasma processing were harmonized between centers and followed a previously reported protocol based on guidelines [26, 27] . Ten milliliters of peripheral blood was collected from donors at one or more time point in K2EDTA tubes (BD Bioscience). Within 1 h of blood collection, plasma was prepared by centrifuging the tubes at 1300 x g, for 10 min, at 4°C. The supernatant was collected into an RNAase free tube and was kept at −80°C. A post-freezing centrifugation step was then performed at 1940 x g for 10 min at 4°C to further reduce cellular and platelet contamination [26] . The level of hemolysis in samples was assessed by spectrophotometric analysis using Nanodrop 2000 spectrophotometer. Absorbance at 414 nm was checked and any sample with an absorbance N0.25 was excluded from the study due to the possibility of hemolysis [28] .
miRNA profiling
Total RNA was extracted from 200 μl of plasma using the miRCURY RNA isolation kit for biofluids (Exiqon), as before and based on other recommendations [27, 29] . Purified RNA was eluted in 50 μl RNAase free water. For miRNA expression analysis in individual samples we used the QuantStudio™ 12 K Flex OpenArray system (ThermoFisher Scientific) [21, 27] . OpenArray technology is a high-throughput, real-time PCR-based method for miRNA detection that enables simultaneous amplification of 754 human miRNAs in each sample. The OpenArray workflow involves reverse transcription (RT), preamplification (preAmp) and PCR amplification [21, 27] . Filtering and statistical analysis of the OpenArray miRNA profiling data were performed in R/Bioconductor [30] . Data were first filtered according to cycle threshold (Ct b 25), amplification score (AmpScore N/= 1.24) and quantification cycle confidence (Cqconf N/= 0.8) provided by the ExpressionSuite software (ThermoFisher Scientific). Only miRNAs expressed in N80% of samples were included in the study. Missing data points were imputed [31] . Next, we performed deltaCt normalization using miRNAs (miR-19b, miR-26a and miR-26b) that were identified by the geNorm method as being the most stable miRNAs [32] . Differential expression analysis was then performed by applying a Student's t-test to the normalized Ct values between each two conditions (C/EBS, C/EAS and EBS/EAS). The p-values were adjusted for multiple testing by controlling the false discovery rate (FDR) according to the method of Benjamini and Hochberg [33] .
The second profiling approach was using small RNA sequencing (RNA-seq). Here we pooled the samples from the three groups used in the OpenArray profiling (C, EBS, EAS; n = 16 each) for the two centers separately. Total RNA was extracted using miRCURY RNA isolation kit and small RNA libraries were generated using NEBNEXT library generation kit (New England Biolabs Inc.). Samples were sequenced on the Illumina system by Exiqon Services, Denmark. Intensity correction, base calling and assigning of Q-scores were then performed as part of measures to assess the quality of the data obtained. miRNA expression level was measured as Tags Per Million (TPM). Differential expression analysis was performed using the EdgeR statistical software package [34] . Expression data have been submitted to the gene expression Omnibus (GSE114701).
Individual miRNA expression analysis using Real-Time qPCR
Individual miRNA Taqman assays were performed for validation of the profiling studies using RT-qPCR as described [21] . All miRNA RT reactions were carried out using the high capacity RT kit (ThermoFisher Scientific) in addition to miRNA-specific RT primers (ThermoFisher Scientific). Real-time PCR amplification was performed in triplicate and a negative control was included for each primer. The PCR reaction was performed in the QuantStudio™ 12 K Flex PCR system using 96 well plates. miRNA levels were normalized to average Ct of miR-19b, miR26a and miR-26b and spiked-in cel-miR-39 in the confirmation phase and to the level of spiked-in cel-miR-39 in the validation phase. The mean of the Ct for a particular miRNA were calculated after removing outliers identified with Grubbs's test (p-value ≤.05). ANOVA followed by Tukey's post-hoc test was carried out to test for any significant differences between the means. A miRNA was considered to be differentially expressed if the adjusted p-value was ≤0.05. Fold changes were calculated as FC = 2 −ΔΔCt where ΔΔCt = ΔCt target − ΔCt ref .
Receiver operating characteristic (ROC) curve analyses were performed using the R pROC package [35] . Logistic regression analysis of the combined miRNA was carried out with the R glm package using the normalized expression of miRNAs from qRT-PCR experiments as independent variable, and epilepsy status as the dependent variable.
Analysis of miRNAs in plasma in an animal model of epilepsy
All animal experiments were performed in accordance with the European Communities Council Directive (2010/63/EU). Procedures in mice were approved by the Research Ethics Committee of the Royal College of Surgeons in Ireland (REC-842), under license from the Health Products Regulatory Authority (AE19127/001), Dublin, Ireland. Epilepsy was induced using the intraamygdala kainic acid technique. Briefly, adult C57BL/6 mice (20-25 g, Harlan) were anesthetized and equipped with guide cannula and surface EEG. On recovery, mice underwent intraamygdala microinjection of kainic acid to induce status epilepticus [36] . All animals received lorazepam after 40 min to reduce morbidity and mortality. Using this procedure, all mice develop recurrent spontaneous seizures within five days [37] . Control mice underwent the same procedure but had an intraamygdala injection of phosphate-buffered saline (PBS). Plasma samples were collected two weeks later. Efforts were made to ensure samples were taken no earlier than 4 h after the most recently observed seizure. Blood (~150 μl) was collected using the submandibular bleed technique into an EDTA-coated RNase-free tube and centrifuged to obtain plasma. To assess effects of anticonvulsant drugs on plasma miRNAs an additional set of epileptic mice were given three days of twice-daily injections (intraperitoneal) of either diazepam (5 mg.kg −1 ) or carbamazepine (40 mg.kg −1 ) to evaluate whether anticonvulsant drugs alter plasma miRNA levels in epileptic animals. To determine whether plasma levels of the dysregulated miRNAs responded to a disease-modifying therapy, additional mice were injected intracerebroventricularly with an antagomir targeting miR-134-5p after the induction of status epilepticus. Plasma was obtained from mice two weeks later and processed for miRNA analyses. We have previously shown that silencing miR-134 after status epilepticus results in a N90% reduction in spontaneous recurrent seizures during the next two weeks [37] .
2.3.4. Absolute quantification of miRNA copy number using digital PCR Digital PCR (dPCR) was performed to obtain copy number estimates of miRNAs in plasma, as described [21] . To obtain copy number estimates for miR-27a-3p, miR-328-3p and miR-654-3p, a set of eight representative plasma samples (200 μl) from control and TLE groups and five from GGE and PNES groups were selected at random and processed using Quantstudio v2 dPCR chips as described [21] . Copy number was determined after processing using the Quantstudio 3D AnalysisSuite cloud software.
2.3.5. Direct detection of miR-27a-3p, miR-328-3p and miR-654-3p in plasma using TORNADO A prototype rapid point-of-care testing microfluidic device was developed by adapting a recently described theranostic one-step RNA detector (TORNADO) [38] to detect the three main validated miRNAs on a single device. The ability of TORNADO to detect miRNA signals and then to differentiate between different study groups was investigated using control, TLE and PNES samples (n = 4-5 each) for which copy number data was available from dPCR. The oligonucleotides were purchased from Eurogentec and their purity was N98%. The sequences were as follows: Capture (complementary in part to the target miRNA) for miR-27a-3p: 5'-GCC-ACU-GUG-AA-3'-SH; probe for miR27a-3p: SH-5-ACG-GSS-CUU-A-3′; Capture for miR-328-3p: 5′-GAG-AGG-GCC-AC-3'-SH; Probe for miR-328-3p: SH-5'-ACG-GAA-GGG-CA-3′; Capture for miR-654-3p: 5'-CAG-CAG-ACA-UA-3'-SH; Probe for miR-654-3p: SH-5′-AAG-GUG-AUG-GU-3′. The disc was assembled and run as previously described [38] . Briefly, the gold slide working electrode was pre-functionalized with capture miRNA by immersing the electrode in 1 μM solution of the capture oligo dissolved in Denhardt's buffer for 30 min. The electrode was then rinsed to remove any loosely bound oligonucleotides and dried under nitrogen. The disc was pre-loaded with the plasma sample (100 μl) the complementary probe functionalized platinum nanoparticles, and wash steps. The system uses a sequential, event-triggered release of each chamber in the disc, which uses the arrival of liquid at one location to prompt the release of another liquid at another location; this forms the sandwich assay on the gold working electrode. The discs were spun on an experimental spin stand at varying rates of rotation, ranging from 1 Hz to 35 Hz, depending on the stage of testing [39] . When the first chamber containing the plasma sample was released, it was left in the electrode chamber for 30 min to incubate. The electrodes were rinsed by release of the second sample chamber, containing dPBS. The third chamber contained 1 μM platinum nanoparticles (50-70 nm) functionalized with probe miRNA; this probe strand was complementary to the nonhybridized part (overhang) of the target miRNA. When this was released into the measurement chamber, it was left for 30 min to allow the probe and target miRNA to hybridize. Following the assembly of the sandwich, the measurement chamber was filled with dPBS that acted as a wash step and the measurement buffer. The number of nanoparticles on the surface of the electrode depends directly on the concentration of target miRNA. As well as the gold working electrode functionalized with the capture strands, the three electrode measurement chamber contained a gold coated silicon wafer as counter and an ITO electrode as a pseudo-reference. All measurements were made at 22 ± 2°C. A CH Instruments, Model 760D electrochemical workstation was used to measure the current generated at −0.25 V by the captured nanoparticles following addition of 20 μM hydrogen peroxide. The current was measured 30 min after the peroxide addition. The analytical response is taken as the difference in current measured before and after the addition of the hydrogen peroxide. Results were qualitatively compared to dPCR findings.
Analysis of miRNA transport in plasma
Analysis of the amount of miRNA within exosome-enriched microvesicles and AGO2-bound relative to total circulating was performed as previously described with modifications [21] . Briefly, plasma from controls and TLE patients (both EBS and EAS) (n = 10 each) were divided into 3 parts; 400 μl was allocated for exosome precipitation; 400 μl for AGO2 immunoprecipitation (IP) and 200 μl for total RNA extraction. Exosome precipitation was performed using the ExoQuick exosome precipitation solution (System Biosciences-SBI) and total RNA was extracted using miRCURY RNA isolation kit-biofluid. AGO2 was immunoprecipitated from plasma as described [21] . Briefly, 400 μl of plasma was incubated overnight at 4°C with 10 μg of antibodies raised against AGO2 (C34C6, RRID:AB_2096291 Cell Signaling Technology). Protein A-agarose beads (RRID:AB_10201400 Santa Cruz Biotechnology) were added and utilized to pulldown AGO2 containing nucleoprotein complexes, following an incubation and centrifugation step. The AGO2 immunoprecipitate pellet was washed and total RNA was extracted. RT-qPCR was then performed following the protocol for individual miRNA expression analysis.
Fluorescence in situ hybridization (FISH) detection of miRNA
In order to localize miRNA expression in vivo, FISH analysis was performed on formalin-fixed, paraffin-embedded hippocampal tissue sections obtained from TLE patients after surgical resection [21] . Briefly, miR-27a-3p, miR-328-3p and miR-654-3p signals were localized after an overnight incubation with digoxigenin (DIG) labeled, LNA detection probes (Exiqon). Secondary detection of the probe-miRNA interaction was performed using anti-Dig antibody (Anti-DIG-POD Fab fragment, RRID:AB_2734716) (Roche). Tyramide signal amplification plus fluorescence (Cy3) kit (Perkin Elmer) was used to amplify the in situ labelling. Double-labelling of cell-type markers was performed using antibodies against the astrocyte marker glial fibrillary acidic protein (GFAP, RRID: AB_477010 Sigma-Aldrich Ireland) and neuronal nuclei marker (NeuN, RRID:AB_2298767 Sigma-Aldrich Ireland). AlexaFluor488 (RRID:AB_2534088 ThermoFisher Scientific) was used as secondary antibodies to visualize both markers. Fluorescent signals were imaged using LSM 202710 confocal laser scanning microscope (Zeiss).
Pathway analyses and miRNA-target interaction network
Tissue expression of miRNAs was explored using a miRNA atlas [10] . Experimentally validated targets for hsa-miR-27a-3p, hsa-miR-328-3p and hsa-miR-654-3p were retrieved from miRTarBase Release 6.0 [40] . Validated miRNA-target interactions (MTIs RRID:SCR_010851) were scored based on the number of publications demonstrating the MTI (Vscore: 1 publication = 0.5, 2 publications = 1.0, ≥3 publications = 1.5). Predicted targets were retrieved from TargetScan Release 7.1 (RRID:SCR_010845) [41] and miRDB (RRID:SCR_010848) [42] . To generate a score for predicted MTIs (Pscore), we scaled the scores generated by the prediction algorithms (cumulative weighted context score from TargetScan) between 0 and 1, summed these scores and multiplied this by the number of prediction algorithms in which the MTI was identified (1 or 2) and scaled this between 0 and 1. We summed the Vscore and Pscore to generate a final MTI score. Any MTIs with a score b 0.1 were removed from further analyses. We then further filtered the MTIs based on the following criteria: MTIs were retained if they had been validated by experiments classified as 'strong evidence' in miRTarBase or if they had a Pscore ≥0.75. If any mRNA targets included in this filtered list were also targeted by another miRNA, this second MTI was also retained (provided the MTI score was N0.1), to highlight the putative interconnectedness between the three miRNAs. Thus, 105 MTIs containing 95 unique mRNA targets were included in the chord diagram, which was created using the 'circlize' package in R version 3.4.2. [43] . Transcription factors were identified from AnimalTFDB 2.0 (RRID: SCR_001624) [44] . We performed pathway analysis on the 95 unique mRNA targets identified above, using Enrichr (RRID:SCR_001575) [45] . Significantly enriched PANTHER pathways (RRID:SCR_004869) [46] , with adjusted p-value b.05 were exported form Enrichr and plotted in Microsoft Excel. Associations of miRNA targets with epilepsy were explored by querying Pubmed. Expression of mRNA targets in the brain was investigated using the human protein atlas (https://www. proteinatlas.org/humanproteome/brain).
Results
Dual-center, dual-platform miRNA profiling (discovery phase)
An overview of the study design from profiling through to validation and mechanistic biomarker assessment is shown in Fig. 1a . We performed miRNA profiling of plasma samples from controls and from epilepsy patients admitted to two clinical centers, MAR and DUB. The majority of patients recruited at MAR were diagnosed with refractory TLE and all patients recruited in DUB were diagnosed with refractory TLE (Table 1 and Supplementary Table S1 ). From each patient we obtained an epilepsy-baseline sample (EBS) and an epilepsy afterseizure sample (EAS). Samples were either profiled individually using the OpenArray platform [21] or pools from each group and for each center were generated and profiled by small RNA-seq.
OpenArray miRNA profiling individual plasma samples of TLE patients and healthy controls
In total, 96 plasma samples from the two centers were profiled individually by the OpenArray platform. Preliminary analysis of the data revealed 336 miRNAs were expressed in at least one sample. Supplementary Table S2 lists the 20 most abundant miRNAs detected by OpenArray. This list includes various miRNAs known to be abundant within plasma such as miR-24-3p, miR-146a-5p and miR-451a [27] . Principal component analysis (PCA) revealed significant overlap in the individual miRNA profiles between control and patient samples for both centers (Fig. 1b) . Analyzing MAR samples revealed that 55 miRNAs were commonly expressed in N80% of samples using a Ct threshold cutoff of 25 ( Supplementary Fig. S1 , Supplementary Data Set 1). Among these miRNAs, five were found to be significantly differentially expressed (adjusted p-value b.05) in one or both TLE samples versus controls ( Table 2 , Fig. 1c ). Analyzing DUB samples revealed that 92 miRNAs were expressed in N80% of samples (Supplementary Data Set 1). However, no miRNA was found to be differentially expressed between groups with an adjusted p value below 0.05 in the DUB samples.
Small RNA-seq analysis of plasma from TLE patients and healthy controls
To complement the OpenArray profiling, RNA-seq was performed on pooled plasma samples. All samples showed overall good data quality with the two most common read lengths between 18 and 24 nt (representing miRNAs) and 30-34 nt (representing other RNA species i.e. rRNA, tRNA and mRNA fragments). The total number of reads obtained from each sample is shown in Fig. 1d , e (and see Supplementary Data Set 1).
An average of 255 and 172 miRNAs were identified in MAR and DUB, respectively. Among the top 20 most abundant miRNAs in MAR control samples, 17 were also found to be among the top 20 most abundant in DUB controls (Supplementary Table S2 ). Differential expression analysis was conducted separately on each set of samples. Comparing results from the two sequencing experiments, 11 miRNAs were found to have a common expression pattern with fold change N1.5 or b −1.5 in patient samples compared to controls (Fig. 1f) . These miRNAs were advanced for confirmation in the second phase of the study.
Confirmation of profiling results
Next, we performed individual miRNA assays to confirm the profiling results, selecting the 5 differentially expressed miRNAs identified by the OpenArray (see Table 2 ) and 10 miRNAs identified by RNA-seq (see Fig. 1f ). Note, miR-328-3p appeared in both data sets while miR-122-5p was omitted due to being a known liver-specific, highly abundant miRNA in plasma (Supplementary Table S2) .
Overall, 12 of 14 of the miRNAs selected from the profiling studies for validation as biomarkers of TLE or seizure or both, were confirmed ( Fig. 2a and Supplementary Fig. S2 ). A number of the validated miRNAs were potential seizure biomarkers, being dysregulated in EAS samples compared to both controls and EBS. The level of miR-27a-3p and miR-328-3p was lower in samples collected after an electro-clinical seizure, indicating a potential value in diagnosing seizure episodes (Fig. 2a) . Plasma levels of miR-654-3p were a promising biomarker of TLE as levels were different in EBS compared to control (Fig. 2a) . A similar trend was observed for miR-543 (Supplementary Fig. S2 ).
The confirmation phase identified differential expression of five other miRNAs that had been selected for confirmation in post-seizure plasma samples (Supplementary Fig. S2 ). These were miR-199a-3p (fold-change (FC) = 0.7, p = .03), miR-126-5p (FC = 0.7, p = .04), miR-339-5p (FC = 0.66, p = .04), miR-654-3p (FC = 0.61, p = .04) and miR-4433b-3p (FC = 0.53, p = .04). These miRNAs displayed higher expression level in EBS samples compared to both controls and EAS.
ROC curve analysis revealed strong performance of many of the confirmation phase-validated miRNA biomarkers ( Supplementary Fig. S3a,  b ). An area under the curve (AUC) of 1 would show prefect discrimination between groups. The highest performing miRNA for distinguishing EBS samples from controls was miR-654-3p (AUC 0.87). The best performing miRNAs as seizure biomarkers, distinguishing EAS from EBS, were miR-328-3p (AUC 0.90) and miR-27a-3p (AUC 0.88) (Supplementary Fig. S3b ).
Validation of miRNA biomarkers in expanded TLE cohort and other patient groups
Based on statistical robustness and ROC performance, three miRNAs were chosen to be validated in a larger cohort comprising TLE patients (n = 102) and controls (n = 110) ( Table 1 and Supplementary  Table S1 ). These miRNAs were miR-27a-3p, miR-328-3p and miR-654-3p. We also measured the level of these miRNAs in plasma from patients with other forms of epilepsy to determine whether changes were unique to TLE or common to the epilepsies. We included samples from patients with other focal epilepsies (frontal lobe epilepsy (FLE)), genetic generalized epilepsy (GGE) and patients with status epilepticus (SE). We also included samples from patients diagnosed with PNES (see Table 1, Supplementary Table S1 ).
The validation phase confirmed the previously observed dysregulation of miR-27a-3p and miR-328-3p in TLE patient plasma compared to controls (Fig. 2b and Supplementary Table S3 ). In addition, levels of miR-27a-3p and miR-654-3p were also found to be significantly different in plasma from GGE patients compared to controls (Supplementary  Table S3 ). Importantly, none of the miRNAs were differentially expressed in PNES samples compared to controls (Fig. 2b and Supplementary Table S3 ). Levels of the three miRNAs were not significantly different in samples from FLE and SE patients compared to controls or between epilepsy patient groups ( Fig. 2b and Supplementary Table S3 ).
Statistical performance of dysregulated miRNAs as biomarkers for TLE in expanded cohort
ROC analysis using data from the full cohort was used to evaluate if miR-27a-3p, miR-328-3p and miR-654-3p levels can discriminate TLE and GGE samples from each other and control samples. In line with the statistical analysis (Supplementary Table S3 ), ROC analysis showed that miR-27a-3p and miR-328-3p performed equally well and better than miR-654-3p at discriminating TLE from control (AUC 0.63) (Fig. 2c and Supplementary Fig. S4a ). Binomial logistic regression was used to identify the best discriminating combinations of miRNAs. Combining all three miRNAs provided limited improvement for discriminating TLE from controls (AUC 0.64) (Supplementary Fig. S4a) . Plasma samples were collected from controls (C) and from epilepsy patients at baseline (EBS) and after seizures (EAS) during in-patient video-EEG monitoring in Marburg (MAR) and Dublin (DUB). Samples were run individually on the OpenArray platform (OA) or pooled for RNA-seq. From these a selection of 15 miRNAs were validated using individual miRNA assays during a confirmation phase using the original samples and then three miRNAs were advanced for validation in a larger cohort of plasma samples from controls, TLE patients as well as samples from patients with genetic generalized epilepsy (GGE), frontal lobe epilepsy (FLE), psychogenic non-epileptic seizures (PNES) and status epilepticus (SE). An extended validation phase involved testing three miRNAs through a set of animal and human studies. For GGE samples, levels of miR-27a-3p and miR-654-3p showed the best results to discriminate patients from controls, with an AUC of 0.73 and 0.72, respectively (Fig. 2c) . Combining all three miRNAs marginally improved the sensitivity and specificity to discriminate GGE from controls (AUC 0.74) (Supplementary Fig. S4a ).
We also investigated the potential of miRNA levels to discriminate between patient groups. For discriminating TLE from GGE patients, ROC analysis of the individual miRNAs generated AUCs ranging from 0.53-0.64 ( Supplementary Fig. S4a ). Combining all three miRNAs improved sensitivity and specificity to discriminate TLE from GGE (Fig. 2c) .
Last, we explored etiological influences on levels of the three plasma miRNAs. We focused on samples from TLE patients, comparing levels in patients with or without hippocampal sclerosis. There were no significant differences in plasma levels of miR-27a-3p, miR-328-3p and miR-654-3p between TLE patients with or without hippocampal sclerosis ( Supplementary Fig. S4b ).
miRNA biomarkers in epileptic rodents and response to anti-epileptic drug and miRNA therapy
There are a number of potential sources of bias in clinical samples, including exposure to medication. We therefore sought to measure these miRNAs in experimentally-induced epilepsy where such confounders can be tested for or avoided. Levels of miR-27a-3p, miR-328-3p and miR-654-3p were measured in plasma from mice that developed TLE following intra-amygdala kainic acid-induced status epilepticus [36, 37] (Fig. 3a) .
Consistent with the clinical findings, levels of miR-27a-3p and miR-328-3p were significantly lower in plasma samples from epileptic mice compared to controls (Fig. 3a) . Levels of miR-654-3p also showed a similar pattern of down-regulation in samples from epileptic mice (Supplementary Fig. S5a ).
Next, we investigated the effect of medication on the three miRNAs by dosing epileptic mice with one of two anticonvulsant drugs. We selected diazepam and carbamazepine as representing anti-seizure therapies that are more or less effective, respectively, at suppressing spontaneous recurrent seizures in mouse models of focal epilepsy [47] . Neither diazepam nor carbamazepine had a significant effect on plasma levels of the three miRNAs in epileptic mice (Fig. 3a and Supplementary Fig. S5a) .
Last, we explored whether the plasma miRNA levels would respond to disease-modifying therapy. We recently showed that inhibition of miR-134 with an antisense-based oligonucleotide (Ant-134) given 1 h after status epilepticus resulted in over 90% reduction in spontaneous seizures during the subsequent two weeks [37] . To determine whether this experimental therapy would alter plasma levels of miRNAs we induced status epilepticus in mice with kainic acid followed by Ant-134 or a scrambled oligonucleotide and then analyzed levels of the three miRNAs two weeks later (Fig. 3b) . As expected, levels of miR-27a-3p, miR-328-3p and miR-653-3p were lower in epileptic mice given scrambled treatment compared to controls ( Fig. 3b and Supplementary Fig. S5b ). In contrast, plasma levels of two of the three miRNAs were higher in the mice given the Ant-134 treatment ( Fig. 3b and Supplementary Fig. S5b ). Thus, plasma levels of the identified miRNAs are responsive to an experimental disease-modifying epilepsy therapy.
Copy number estimation of miRNA biomarkers in patient plasma
Next, we used dPCR to estimate miRNA copy number in a subset of plasma samples from patients with TLE, GGE and PNES, comparing to the copy number in healthy controls. FLE and SE groups were omitted due to limited sample availability. Consistent with the RT-qPCR findings, miR-27a-3p and miR-328-3p copy number in plasma samples of TLE patients was significantly lower than that of controls (Fig. 4a) . miR-27a-3p copy number was also significantly lower in GGE patients compared to controls. Very low expression of miR-654-3p was observed in all samples regardless of the diagnosis (Fig. 4a) .
Recently, electrochemical approaches capable of detecting ultralow concentration of miRNAs in blood have been developed [38, 48] . We examined the generated electrical signal from miRNA-probe interaction using TORNADO for the three chosen miRNAs and in samples that were used for miRNA copy number analysis (Fig. 4b, c) . Using this approach we were able to assay the three miRNAs simultaneously, typically within 1.5 h of applying the plasma sample.
The TORNADO results were highly consistent with the dPCR, with a lower signal for miR-27a-3p in TLE plasma compared to the level in n/a n/a n/a Key: C, control; EBS, epilepsy baseline sample; EAS, epilepsy after-seizure sample; FC, fold change; FDR, false discovery rate (adjusted p value).
control and PNES samples. A similar trend to dPCR was also observed for TORNADO results on miR-328-3p in TLE plasma (Fig. 4b-d) . Thus, TORNADO can rapidly and simultaneously assay plasma levels of three miRNAs with comparable results to Taqman/PCR-based miRNA assays.
miRNA carriage mechanism affects biomarker performance
The form in which miRNAs are transported in plasma has been shown to differ between neurological diseases and so have diagnostic and mechanistic value [21] . For example, exosome-enclosed miRNA may reflect controlled release (i.e. paracrine signaling) mechanisms which correspond to different cellular contributions to pathomechanisms, creating opportunities for greater diagnostic specificity. We therefore processed a sub-set of plasma samples from controls and TLE patients (baseline and after seizure) for analysis of the miRNAs in the exosome-enriched microvesicle fraction and AGO2 (proteinbound) form and compared to the total miRNA levels (Fig. 5a ).
Overall, a greater portion of miRNA was recovered from the exosomal fraction compared to AGO2-bound (Fig. 5b) . ROC assessment of the sensitivity and specificity of the levels of miRNA in these fractions showed a strong performance to differentiate EBS samples from controls. This was highest for the exosome-derived miRNA levels, with an AUC of 0.83 and 0.85 for miR-27a-3p and miR-328-3p, respectively ( Fig. 5c and Supplementary Fig. S6 ). Binomial logistic regression showed that combining all three resulted in an AUC of 0.93 (Fig. 5c) . Biomarker performance was generally lower for AGO2-bound miRNA to distinguish EBS samples from controls, with AUC ranging from 0.6 (miR-654-3p) to 0.69 (miR-27a-3p) for individual miRNAs (Supplementary Fig. S6 ). Binomial logistic regression showed that combining all three from the AGO2 pool resulted in an AUC of 0.82 ( Supplementary  Fig. S6) .
Analysis of the performance of the three miRNAs in the exosome fraction using post-seizure samples (EAS) generated AUC results ranging from 0.71 (miR-653-3p) to 0.85 (miR-328-3p), although the combination of all three miRNAs in the exosome fraction achieved an AUC of 0.86 ( Supplementary Fig. S6 ). Interestingly, a shift toward the AGO2-bound form was noted in EAS samples. This shift was significant for miR-328-3p where the fraction bound to AGO2 increased from~20 to 40% in EAS samples (Fig. 5a, b) . As a result, the best means of discriminating post-seizure samples from baseline within epilepsy patients (i.e. a seizure biomarker) was by analysis of the AGO2-bound fraction, with AUC of 0.86 (for combination of all three miRNAs) (Fig. 5c) . Thus, analysis of miRNA within specific pools in the circulation potentially offers superior diagnostic accuracy either to discriminate patients from controls or for diagnosis of a recent seizure.
Cellular localization of plasma miRNA biomarkers in human brain
To establish mechanistic links between the three miRNAs and epilepsy we interrogated a human miRNA expression atlas [10] . This showed that miR-27a-3p is expressed at low level across multiple brain regions. miR-328-3p is also expressed across multiple brain regions but was most enriched in spleen. miR-654-3p is brain-enriched, although also expressed in spleen. To support these insights we performed in situ hybridization for all three miRNAs using tissue sections prepared from surgically-resected hippocampus from patients with intractable epilepsy. These analyses revealed clear neuronal expression of miR-27a-3p and miR-328-3p (Fig. 6) . Notably, the signal was often detected within the nucleus (Fig. 6) , as reported previously for several epilepsy-altered miRNAs in similar material [49, 50] . We did not obtain a reliable in situ signal for miR-654-3p.
Targets and pathways under control of miR-27a-3p, miR-328-3p and miR-654-3p
Finally, we performed in silico analysis of the experimentallyvalidated and predicted targets, and the pathways in which they function. miR-27a-3p had the most targets, with fewer targets for miR-328-3p and miR-654-3p (Fig. 7a) . Among these targets were numerous genes associated with epilepsy (Supplementary Table S4 ), including experimentally validated targets such as ATP-binding cassette drug transporters (ABCG2 and ABCA1), glutamate transporter SLC7A11 and TP53 which encodes the p53 tumour suppressor protein. GLRA2, a glycine receptor subunit whose expression is elevated in the brain, has been associated with epilepsy and is targeted by both miR-654-3p and miR-27a-3p. Pathway analysis of these target genes revealed that 5/12 significantly enriched pathways related to growth factor signaling (Fig. 7b) , including epidermal and insulin growth factors EGFR and IGF1. Targets and pathways associated with Ras and PI3K-Akt-FoxO signaling were also identified, which are direct mediators of growth factor signaling and are linked to epilepsy [1, 3, 51] (Fig. 7a,b) .
Discussion
The present study identifies a set of circulating miRNAs that represent potential molecular biomarkers of epilepsy. Our study featured a dual-center, dual-platform approach to discover TLE biomarkers followed by interrogation of three miRNAs in a large cohort of samples that included patients with other forms of epilepsy. These investigations provide evidence of discriminatory value in PNES patients, copy number assessment, neuronal expression, conservation of plasma miRNA differences in an animal model of epilepsy, and analysis of extracellular carriage mechanisms, and show that these biomarkers can be quantified using a prototype electrochemical sample-to-answer device. Together, the results support plasma miRNAs as an important class of molecular biomarker to support the diagnosis of epilepsy.
The identification of one or more molecular biomarker that could be reliably detected in a convenient biofluid such as blood would transform epilepsy diagnosis [3, 13] . miRNAs are among the leading candidates in this regard with recent studies reporting miRNA biomarkers of epilepsy in serum, plasma and cerebrospinal fluid [16] [17] [18] [19] [20] [21] . The present study represents an important advance on earlier work and supports the biomarker potential of circulating miRNAs, as well as opportunities for further progress. We focused on plasma because it is a more readily available biofluid than cerebrospinal fluid while avoiding clotting-related events in serum that can introduce Fig. 3 . miRNA biomarker performance in experimental epilepsy. (a) (left) Schematic of studies in mice in which miRNA performance was analyzed. Plasma was collected from mice two weeks after status epilepticus (SE) at a time when mice display spontaneous recurrent seizures (SRS). In a second experiment, already-epileptic mice were dosed with AEDs carbamazepine (CBZ) or diazepam (DZM). Graphs (right) show relative expression of miR-27a-3p and miR-328-3p in control and epileptic (Epi) mice and in epileptic mice dosed with the two AEDs (n = 5-9 per group). Note, both miRNAs were lower in epileptic mouse plasma consistent with the human data while plamsa levels of the miRNA were not significantly changed by AED exposure. (b) (left) Schematic showing experimental design in which mice were given a known disease-modifying miRNA therapy (anti-mir) immediately after status epilepticus to reduce epilepsy development. Samples were taken two weeks later. Graphs (right) show relative expression of miR-27a-3p and miR-654-3p in control and epileptic mice (n = 4-5 per group). Note, partial reversal of miRNA expression pattern in mice given the disease-modifying antimir therapy. *p b .05 compared to indicated group. variability to miRNA profiles [52, 53] . A key advance was to perform genome-wide analysis and a dual-platform, dual-center approach during miRNA discovery to avoid the limitations of reliance on a single platform [22, 23, 25] , single clinical cohort or profiling using individual [19, 21] or pooled-only samples [16] . We detected the highest numbers of circulating miRNAs using RNA-seq, as expected, but the OpenArray platform performed well, identifying high numbers of miRNAs known to be abundant in plasma [26, 27] . Consistent with our expectations and as noted by others [25] , we found few differentially expressed miRNAs to be shared across platforms and clinical cohorts, necessitating selection of miRNAs for validation from both OpenArray and RNAseq datasets. We selected a larger number of miRNAs to take forward for validation than previous epilepsy miRNA biomarker studies [16] [17] [18] [19] [20] [21] and found most, but not all, validated Fig. 4 . Copy number analysis of miRNAs in human plasma and prototype miRNA detector.(a) Graphs show miRNA copy number determined using digital PCR for miRNAs -27a-3p, 328-3p and 654-3p in control (C), TLE, GGE and PNES groups. Note that TLE samples showed the expected lower levels of miR-27a-3p in TLE as well as GGE patients compared to controls and miR-328-3p levels were also lower in TLE patients. In contrast, levels of the miRNAs were not different to controls in PNES patients. (b) TORNADO; image of fully assembled miRNA detector disc with integrated electrodes (cropped to view one section). Specific chambers contain target miRNA strands, wash steps, platinum (Pt) nanoparticle-labeled miRNA probe strands, the electrode chamber and a waste chamber with an overflow system. Expanded box (middle panel) shows schematic of the hybridisation of miRNA strands on surface of working electrode inside chamber. Graph (right) shows amperometric i-t curves comparing the response of a fully complementray samdwich assay with a target strand of 1 nM (black line) with a bare gold electrode (red line), a gold electrode with capture miRNA only (cRNA, green line) and a gold electrode with capture miRNA and target miRNA (tRNA, blue line potential applied is −0.25 V in 1 mM DPBS. The difference in current before and after the addition of 20 μM H 2 O 2 is displayed and shows the large differnece in current when the assay is fully complementary. (c) Graphs show results for a set of samples run in the TORNADO with (d), graphs showing raw data from TORNADO for all three miRNAs for a representative sample from each group. Note, that the result for TORNADO follows closely the abundance of the three miRNAs determined by dPCR.
when analyzed individually using the discovery cohort samples. This led us to focus on three miRNAs that showed potential as epilepsy biomarkers based on consistent and robust differences in patients compared to controls, responses to acute seizures and cell-of-origin links to the brain according to tissue expression [10] .
None of the three miRNAs we selected for extended validation have been previously focused on as epilepsy biomarkers [16] [17] [18] [19] [20] [21] , suggesting our approach to discovery can identify novel biomarkers. Moreover, these miRNAs came from both OpenArray profiling and RNA-seq, supporting the benefit of using two platforms for discovery, which has also been successful when applied to brain tissue from TLE patients [23] . The ROC analysis of sensitivity and specificity of miR-27a-3p, miR-328-3p and miR-654-3p as epilepsy biomarkers supported good performance to distinguish TLE patients from healthy controls as well as some ability to discriminate between TLE and GGE patients. Combinations of the three miRNA provided some further discriminatory value consistent with our findings in cerebrospinal fluid [21] and reports by other groups that used miRNA combinations [17, 18] . These ROC results were superior to some but not all previous findings [17, 18, 20] suggesting additional studies may be necessary to identify optimal individual or combinatorial blood-based miRNA biomarkers of epilepsies. However, several of the previously identified miRNAs in epilepsy biomarker studies [17, 20] are unlikely to be bona fide miRNAs [54] , are too ubiquitous in blood [18] or are not expressed in the brain [10] . All three miRNAs we selected for extended validation were dysregulated in experimentally-induced epilepsy in mice and plasma levels were not altered by dosing animals with two different anticonvulsant drugs, excluding common sources of bias such as medication. Moreover, an oligonucleotide-based miRNA inhibitor partially corrected plasma levels of the miRNAs in mice, supporting their responsiveness to a disease-modifying therapy [37] . This suggests these or other miRNAs may have prognostic value or use as biomarkers in clinical trials of anti-epileptogenic therapies.
Our study included the first analysis of miRNAs in plasma from PNES patients. It also featured the largest cohort of TLE patient plasma samples analyzed to date during the validation phase [16] [17] [18] [19] [20] and only one other study has used comparable numbers of epilepsy patient samples [17] . Psychogenic non-epileptic seizures are difficult to diagnose without EMU monitoring and many PNES patients are treated with anti-seizure medicines for prolonged periods [5, 6] . Levels of the three miRNAs were not different to control in PNES patient plasma indicating that PNES patients could potentially be distinguished from TLE patients by comparing levels of one or other miRNA to reference control plasma.
There are additional mechanistic links between the miRNAs subject to extended validation and epilepsy. For example, miR-27a-3p is upregulated in seizure-damaged hippocampus after experimental status epilepticus in mice [36] and is one of several miRNAs under epigenetic influence by DNA methylation in the hippocampus of patients with TLE [55] . Other studies have reported altered miR-27a-3p levels in TLE patient brain samples [49] and animal models [56] , as confirmed by a recent meta-analysis of miRNAs dysregulated in epilepsy [14] . Additional findings here increase confidence that altered plasma miR-27a-3p is a TLE biomarker. We found that miR-27a-3p is expressed by hippocampal neurons in tissue sections from TLE patients, where the signal mainly localized to the nucleus. This nuclear localization has been previously reported for other miRNAs in TLE samples and may reflect altered processing [57] or targets of the miRNA [49, 50] . There is evidence linking miR-328-3p to epilepsy in animal studies [58, 59] although this miRNA has not appeared in previous human studies [15] . miR-654-3p is brain-enriched [10] but has not previously been linked to epilepsy or other neurological disorders. However, miR-654-3p levels fell below the limits of detection in some of our validation studies, questioning its potential as an epilepsy biomarker. We did not detect differential expression of several miRNAs previously reported as biomarkers of epilepsy [16, 17] . This highlights the need for additional validation of miRNA biomarkers but also supports our approach which may more reliably identify biomarkers than previous study designs. Finally, bioinformatics analysis of the targets of the three miRNAs identified pathways with established links to brain excitability and epilepsy, including prominent enrichment of growth factor signaling [3] . Apoptosis-associated signaling proteins such as p53 were also targets of the miRNAs. This is mechanistically relevant because p53 is overexpressed in sclerotic hippocampus from patients with TLE [60] and genetic manipulation of p53 influences both seizure susceptibility and neuropathological outcomes in animal models [61] . There was strong overlap between the pathways under the control of these miRNAs and pathways linked to miRNA biomarkers identified in cerebrospinal fluid [21] . Other pathways reportedly under miRNA control in epilepsy were not associated with these three miRNAs [13, 14, 23] suggesting not all epilepsy-associated pathophysiological processes are represented among the circulating pool of miRNA biomarkers.
The miRNAs which underwent extended validation are brain expressed but not exclusively. Thus, the altered circulating miRNAs may be due to other systemic factors altered in epilepsy. For example, circulating immune cells exposed locally to epileptic tissue via breaches in blood-brain barrier or other mechanisms may influence plasma miRNA profiles. Seizures, their co-morbidities and treatment have effects on organs besides the brain and, notably, higher levels of miR-122, a liver-specific miRNA was evident in our discovery dataset. It is perhaps surprising that the best-performing miRNA biomarkers were at lower levels in TLE patients compared to controls. This runs contrary to the assumed higher levels that would be expected if the appearance of plasma miRNAs resulted from trafficking from brain into circulation. The mechanism (s) of their release and composition may therefore represent a complex relationship to underlying pathophysiology. The mechanism by which miRNAs become extracellular and enter the circulating biofluid pool is through a combination of passive and active (e.g. secreted) pathways [9, 21] . Assessment of this distribution therefore provides both mechanistic links and opportunities to enhance biomarker specificity as neurological diseases have common but also distinct combinations of neuronal injury, gliosis, other pathophysiological changes and perturbations of the cerebrovasculature [51, 62] . This could produce unique combinations of release mechanisms that, if possible to measure in biofluids, could further enhance biomarker potential. Notably, analysis of miRNA trafficking mechanisms in cerebrospinal fluid found higher AGO2-bound miRNA in status epilepticus samples than other neurological diseases while chronic neurological diseases showed higher exosome miRNA content [21] . We found the exosome-enriched microvesicle pool contained the greater fraction for each of the tested plasma miRNAs suggesting secreted forms may be the dominate mechanism of transfer in epilepsy although technical factors such as efficiency of miRNA recovery cannot be excluded. Moreover, when the combined levels of the three miRNAs were examined in exosomes we achieved an AUC of 0.93, which is excellent for a biomarker. This extends a recent study that reported a set of miRNAs with favorable sensitivity and specificity in plasma exosomes from patients with epilepsy [20] . The present study also identifies plasma miRNAs that change after seizures. This would be particularly beneficial if the same miRNA did not change following an event in a PNES patient. Changes to miRNA levels have been reported after generalized tonicclonic seizures but mainly immediately after the seizure and likely related to systemic factors [19] . We found that AGO2-bound miR-328-3p was increased in post-seizure samples, indicating a potential seizure biomarker. Since in situ hybridization revealed miR-328-3p to be mainly neuronal, the increased AGO2-bound form in plasma might have occurred due to injury-induced release. While it is unclear why a similar change was not observed for miR-27a-3p, our results demonstrate that analysis of the circulating forms of extracellular miRNA may increase the diagnostic yield and could be incorporated into future studies profiling biofluids obtained before and after seizures.
It is worthwhile to compare the performance of these miRNA biomarkers to non-RNA-based alternatives. Isoforms of high mobility group box 1 (HMGB1) are among the best-performing protein biomarkers of epilepsy [8] . However, HMGB1 is a ubiquitous molecule and elevated in the blood in neurological and non-neurological disease states [63] . Adoption of a molecular biomarker of epilepsy must also factor how it would be assayed in the clinical setting. Protein isoform detection and quantification requires off-line mass spectrometry which is technically challenging and time-consuming [8] . Here, we report a proof-of-principle microfluidic device that could be a prototype of a simple point-of-care test or assay for the biomarkers of interest allowing the concentrations of these biomarkers to be tracked over time. Such approaches represent the next generation point-of-care devices and as co-developed here, will accelerate the move from discovery of miRNA biomarkers of epilepsy toward clinical application. The technique used here termed TORNADO was able to rapidly (1.5 h) detect three miRNAs. The TORNADO results closely matched previous work using the device to detect miR-134-5p [38] , which is also linked to epilepsy, and correlated well with the copy number data on the same samples. Further advances and calibration of this device may provide a promising direction for a future clinical test.
There are a number of limitations to consider in interpretation of the present study. We do not know how generalizable our findings are since the patients were enrolled from a limited number of sites. Anti-seizure medication is a potential confounder that was not controlled for presently. We cannot claim that the miRNAs studied here are diagnostic for TLE as levels were generally similar in other epilepsies. We did not explore whether miRNA profiles differed according to antecedents of TLE such as complex prolonged febrile seizures or trauma. Group sizes for the other forms of epilepsy in the validation cohorts and experiments using the TORNADO device and animal model were small and possibly underpowered to detect significant effects. Our use of a single time point for post-seizure sampling is restrictive and it will be important to include serial sampling in the future. We did not adjust for time-of-day sampling or food ingested which could affect miRNA profiles [64] . Last, we did not identify associations between the miRNA levels and seizure burden or other clinical parameters including the presence or absence of hippocampal sclerosis.
In conclusion, by using a dual-center, dual-platform genome-wide approach to profiling and including an extensive set of validation steps we have identified a set of circulating miRNAs which may be biomarkers of epilepsy and assist differential diagnosis in patients with PNES. We demonstrate a technique for their rapid detection and plausible mechanistic links through their neuronal cellular localization, extracellular carriage, conserved responses in an animal model of epilepsy and the signaling pathways in which they operate. Although further efforts are required to identify better biomarkers of acute seizures, these and other circulating plasma miRNAs are promising diagnostic biomarkers.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2018.10.068.
